The integration scale in Photonic Integrated Circuits will be pushed to VLSI-level in the coming decade. Key technologies for reduction of device dimensions are high resolution lithography and deep waveguide etching technology. In this paper developments in Photonic Integration are reviewed and the limits for reduction of device dimensions are discussed.
The dynamics of micro-electronic integration technology. The field of Information and Communication
Technologies is showing a development speed which is unprecedented in history. Over a period of more than thirty years key features like processor speed and memory size are roughly doubling each 18 months, and experts believe that this development will continue in the coming decade. It is known as Moore's law and enabled by the developement of micro-electronic integration technology. Due to this development a steadily increasing performance of components and systems can be offered at an essentially constant price, a development that we recognise in the fact that the price of our new PC does not differ much from what we paid three years earlier for the previous one. This dynamics has become a major driver for the ICT market, which would collapse without this steady innovation.
Moore's law in micro-photonics. If Photonics is going to play a substantial role in the ICT market it will have to follow the same dynamics. If not, it will rapidly loose the competition with micro-electronic solutions. The increase in functionality prescribed by Moore's law can only be sustained by applying an integration technology that supports a steady reduction of circuit size and fabrication costs. As such Indium-Phosphide based integration technology is the most powerful technology because it supports the integration of almost all functions required in ICT applications. The question is whether it has the same potential as micro-electronic integration technology for reduction of device dimensions and fabrication costs over a longer period. To study that question we have put the development of Photonic IC's in our own lab in a graph with the potential integration density in devices per square centimeter on the vertical axis. The open circles mark the first publication of a device or a circuit. It starts with the invention of the AWG in 1988 [1] . The next circle is the first InP-based Optical Add-drop Multiplexer (OADM) by Vreeburg in 1997 [2] , a device that integrated a single AWG with four Mach-Zehnder switches on an area of 0.2 cm 2 ; 25 components per square centimeter. As a next step we developed a technology for reducing the size of our AWG's using deep etching technology. This brought us the worlds most compact Optical Cross-Connect (OXC) [3] : a device with 4 AWG's and 4 Mach-Zehnder switches on an area of 5 mm 2 , i.e. an integration density of more than 100 components per square centimeter. Since then we succeeded in a further reduction of AWG-size close to the limits of conventional deep etched waveguide technology in InP: 250x350 µm 2 [4] . The last circle in the graph is a photonic flip-flop, consisting of two deep-etched micro-ring lasers, that was recently published by Hill et al. [5] . This device, with dimensions of 20x40 µm 2 , allows for integration of more than 1000 components per square centimeter, in principle. As can be seen these devices fit remarkably well to a straight line with a slope slightly larger than Moore's law. If this is significant it confirms the observation that the dynamics of telecommunications is even faster than that of micro-electronics. To complete the picture we have also put some (sparse) commercial products in the graph. The first one is the single AWG brought to the market by NEL in 1994. The second and third point are a WDM receiver (an AWG and 4 detectors) and a WDM Channel monitor (9 AWG's and 40 detectors) brought to the market by ASIP/ThreeFIvePhotonics in 2003 and 2004, respectively. Again the points fit more or less to a straight line which is delayed by around six years relative to the first demonstration in the lab. Although the sample is small, these examples strongly suggest that Moore's law is also valid in micro-photonic integration technology.
Photonic Integration philosophy.
The power of micro-electronic integration technology is that a broad class of electronic functionalities can be synthesised from a small set of elementary components, such as transistors, resistors and capacitors. A technology that supports integration of these elementary components can, therefore, be used for a broad class of applications, and investments made in its development are payed back by a large market. Although photonic integration has much in common with micro-electronic integration, a major difference is the variety of devices and device-principles in photonics. In photonics we have couplers, filters, multiplexers, lasers, detectors, switches, modulators, to mentions just a few devices, and for each of these devices a broad variety of different operation principles and materials has been reported. It is impossible to develop a monolithic technology which is capable of realising even a modest subset of all these devices. The key for the succes of integration in photonics is, therefore, reduction of the broad variety of optical functionalities to a few elementary components. We made a choice for 3 elementary devices: 1) A passive waveguide structure that allows for low-loss interconnection of devices and for realization of miniaturized components like couplers, filters, multiplexers, polarization and mode converters. 2) An element for manipulating the phase of optical signals. As such a choice has been made for a fast electro-refractive modulator (ERM) that can be easily integrated in our passive waveguide structure. Main applications so far are fast optical switches and modulators (for both phase and amplitude). 3) An element for manipulating the amplitude of optical signals: the Semiconductor Optical Amplifier (SOA), a powerful but complicated device (it also modulates the phase) that allows for both linear and non-linear signal processing, e.g. in WDM light sources, femtosecond pulse lasers and ultrafast optical switches.
A generic technology for integrating these three elementary components can be used for realising photonic chips for a broad class of functionalities. We have chosen for a three-step MO-CVD epiaxial regrowth process for integration of active (SOA-based) and passive devices because of the flexibility that it offers for the design of the regrown wafer stack in combination and the low loss and reflection level at the butt-joints [6] . The electro-refractive modulators are fully compatible with the passive waveguide structures and need no additional regrowth step [7] . Reducing dimensions. A major issue in the development of photonic integration technology is reduction of device dimensions. The key to reduction of device dimensions is the application of high lateral index contrast realised by deep etching of the waveguides. This allows for application of small waveguide widths, small bending radii, compact MMI couplers and compact AWG's. The price that is paid for the high contrast are increased propagation losses due to waveguide edge roughness, and increased insertion losses at junctions between slabs and waveguide arrays as used in an AWG where the finite resolution of the lithography causes abrupt closure of the tapered interwaveguide gaps. With a low index contrast the optical discontinuities caused by this closure are small, with deep etched waveguides they can introduce a few dB loss per junction. A solution is the use of a technology that supports combination of low loss shallow etched waveguides for interconnect purposes and at waveguide junctions, with locally deep etched regions, where short bends or other high-contrast functions are required. Losses smaller than 0.1 dB per junction have been shown at transitions between deep and shallow etched regions, so that several transistions can be included in a circuit. Using such a technology AWG-dimensions have been reduced below 0.1 mm 2 [4] . This is close to the limits for InP-based ridge-type waveguide technology. A further reduction of device dimensions may be achieved by moving to photonic wire and photonic crystal technology. These technologies allow us to come close to the fundamental size limits for photon confinement: around half a wavelength (200 nm) for a single defect micro-cavity. For full 3D confinement we should also confine the light in the 3 rd dimension, which is extremely difficult from a fabrication point of view. 2½D solutions, i.e application of membranes with a high vertical index contrast, may bring us close to the fundamental limits and have the advantage that they relax the requirements on the aspect ratio of the etching technology.
Resonant enhancement of electro-optic and opto-optic interactions.
Once we have succeeded in reducing the dimensions of our circuits to the scale of the wavelength the next hurdle is the magnitude of our electro-optic or opto-optic interactions, e.g. in optical amplifiers or electro-refractive modulators. These are such that hundreds to thousands of wavelengths are required for achieving the π phase shift required for optical switching operations. Here a solution can be found in resonant enhancement in cavity like structures, albeit at the price of reduced bandwidth. Resonant enhancement is a key feature in the operation of the micro-ring laser flip-flop shown in Fig. 3 . In the flipflop both rings can lase in the clockwise (CW) or counter-clockwise (CCW) direction. They push each other in one direction by injection through the coupling waveguide section between them. Using a set pulse they can be changed from CW to CCW and vice versa. This switching can be achieved with a signal that is much smaller than the output signals of the ring because of resonant enhancement of the input signal in the amplifying rings. Without this resonant enhancement the input signal should be larger than the output signal which is prohibitive for cascading devices. The price that is payed for this enhancement is a longer response time. If the cavity size is sufficiently small (a few microns) response times smaller than 1 ps remain feasible, however. By etching deep through the active waveguide layer cavity radiation losses can be kept sufficiently small even for these small disk dameters.
Active or passive. An alternative to the active flip flop shown in figure 3 is a passive micro-resonator. Bistable operation in passive resonators needs high optical fields to build up in the resonantor, specially if weak nonlinearities like the kerr effect are used. Power levels required exceed those in the active flip-flop by more than two orders. The high optical powers also cause a signal induced heating of the cavity. So-far only thermal bistable action has been shown, which is very slow. When using lasers with injection locking, only a small amount of optical power need be injected to switch from one mode to the other. So warming due to changes in input signal will not be so important. Also the CW pumping of the cavity raises the cavity temperature, making cooling more efficient, and so any input light has a harder time raising the cavity temp. Lasers also have the advantage that the gain medium counteracts cavity losses, so that the input light can be used very efficiently. All this provides active devices with an important, if not decisive, advantage over passive resonators for application in large scale integration.
From analog to digital. An important feature of micro-lasers is that they can interact with each other to form lowpower digital optical functions. And using the resonant enhancement of the input light (injection locking), they can drive each other. Therefore, coupled micro-cavity lasers are ideal candidates for development of digital photonic circuits. If successful, this will open the way for realizing an increasing class of functions in a digital way, in the same way as it has happened in micro-electronics. This will relax the requirements on the integration technology: the number of elementary components may be reduced to flip-flops and interconnecting waveguides. Such a development will stimulate the penetration of photonic integration technology: it reduces the complexity of the integration technology and it enlarges its application range.
To the limits. The flip-flop as shown in Figure 3 has been designed conservatively in order to enhance the chance for successful fabrication. A next step will be the reduction of its size to a few micron diameter (micro disk). This will increase the switching speed into the ps region and reduce the switching energy below a fJ. Ultimate dimensions may be reached by realization of the flip-flop in photonic crystal technology, as two coupled modified single defect cavities. This will bring us close to the ultimate limits achievable for the photons. Another important issue that has to be solved is the electrical properties of the active material in the micro-cavity, which should be superior in order to keep threshold currents sufficiently low for allowing dense integration. Here the combination of ultimate confinement of the photons in photonic crystal micro-cavities and the ultimate confinement of the carriers in Quantum Wells and Quantum Dots may bring us close to the fundamental limits and may open new opportunities for photonic signal interactions.
One such opportunity might be parallel processing of multiple wavelengths. An important advantage of light over electricity is the additional wavelength dimension. If we manage to fabricate QDs in the desired wavelength range they allow for independent operation at multiple wavelengths simultaneously in the same gain medium due to the discrete density of states of QDs, combined with a wavelength spread due to size variations [8] . Efficiency issues may be relaxed by fabricating the Quantum Dots in discrete sets with dimensions corresponding to the WDMwavelengths. This is far away, obviously, but it is a nice perspective: WDM, which was at the beginning of real photonic integration, may also appear at its end for parallel photonic signal processing! Conclusions. Deep etching technology is the key to reduction of device dimensions. By improving the performance of lithography and etching technology circuit complexities into the VLSI range are feasible and, in the limit of photonic crystal technology, even larger. Deep etching technology is also the key for increasing electro-optic and opto-optic interactions, by resonant enhancement of these fundamentally small effects. In a broader sense control of dimensions on a nanometer scale, both via etching and via selective epitaxial growth, will bring us to the fundamental limits of photonic technology. Moore's law will provide the dynamics for achieving that goal.
